Enhancing memory performance with rTMS in healthy subjects and individuals with Mild Cognitive Impairment: the role of the right dorsolateral prefrontal cortex by Turriziani, P. et al.
ORIGINAL RESEARCH ARTICLE
published: 10 April 2012
doi: 10.3389/fnhum.2012.00062
Enhancing memory performance with rTMS in healthy
subjects and individuals with Mild Cognitive Impairment:
the role of the right dorsolateral prefrontal cortex
Patrizia Turriziani 1*, Daniela Smirni1, Giuseppe Zappalà4, Giuseppa R. Mangano1,
Massimiliano Oliveri 1,3 and Lisa Cipolotti1,2
1 Dipartimento di Psicologia, Università di Palermo, Palermo, Italy
2 Department of Neuropsychology, National Hospital for Neurology and Neurosurgery, Queen Square, London, UK
3 IRCCS Fondazione “Santa Lucia”, Roma, Italy
4 Unità di Neurologia Cognitiva e Riabilitazione, ARNAS Garibaldi, Catania, Italy
Edited by:
Simone Rossi, Azienda Ospedaliera
Universitaria Senese, Italy
Reviewed by:
Maria Cotelli, IRCCS Centro San
Giovanni di Dio - Fatebenefratelli,
Italy
David Bartrés-Faz, University of
Barcelona, Spain
*Correspondence:
Patrizia Turriziani, Dipartimento di
Psicologia, Università di Palermo,
Viale delle Scienze, Ed. 15, Palermo
90128, Italy.
e-mail: patrizia.turriziani@unipa.it
A debated question in the literature is the degree of anatomical and functional lateralization
of the executive control processes sub-served by the dorsolateral prefrontal cortex
(DLPFC) during recognition memory retrieval. We investigated if transient inhibition and
excitation of the left and right DLPFC at retrieval by means of repetitive transcranial
magnetic stimulation (rTMS) modulate recognition memory performance in 100 healthy
controls (HCs) and in eight patients with Mild Cognitive Impairment (MCI). Recognition
memory tasks of faces, buildings, and words were used in different experiments.
rTMS-inhibition of the right DLPFC enhanced recognition memory in both HCs and MCIs.
rTMS-excitation of the same region in HCs deteriorated memory performance. Inhibition
of the right DLPFC could modulate the excitability of a network of brain regions, in
the ipsilateral as well as in the contralateral hemisphere, enhancing function in HCs or
restoring an adaptive equilibrium in MCI.
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INTRODUCTION
The role of the prefrontal cortex (PFC) in recognition mem-
ory retrieval has been well documented (e.g., Simons and Spiers,
2003; Squire, 2004). It remains an open question as to the degree
of anatomical and functional lateralization of the PFC control
processes involved in retrieval.
Lesion (e.g., Milner et al., 1991), neuroimaging (e.g., Wagner
et al., 1998; McDermott et al., 1999), and TMS (e.g., Turriziani
et al., 2008, 2010) studies have reported material specific lateral-
ity effects in the activation of PFC during recognition memory,
showing that the left and right PFC are differentially recruited,
respectively, for verbal and non-verbal memoranda.
Other neuroimaging and TMS studies have reported different
patterns of activation of PFC areas depending on the processes
of encoding and retrieval in recognition memory of both ver-
bal and non-verbal memoranda (Kirchhoff et al., 2000; Buckner
and Wheeler, 2001; Fletcher and Henson, 2001; Rossi et al., 2001;
Sandrini et al., 2003; Floel et al., 2004). The HERA model—
Hemispheric Encoding Retrieval Asymmetry (e.g., Tulving et al.,
1994; Habib et al., 2003) suggests that the left PFC plays a cru-
cial role in encoding, whereas right PFC is necessary for retrieval
(but see Spaniol et al., 2009). This pattern of lateralization can be
influenced by the use of retrieval strategies. For example, a recent
study showed that during memory retrieval the right DLPFC is
preferentially recruited if memory strategies are used to guide
episodic retrieval, whereas when the subject does not apply a
retrieval strategy there is a shift to the left DLPFC (Manenti et al.,
2010).
A different pattern of lateralization of PFC can also be
observed during aging. In normal aging, PFC activations tend
to be less asymmetric during memory tasks, as indicated by the
HAROLD model [Hemispheric Asymmetry Reduction in Older
adults (Cabeza, 2002)]. Asymmetry reductions could reflect a
compensation mechanism, helping to counteract the age-related
cognitive decline, or a de-differentiation process, reflecting the
age-related failure to allocate functional resources in a selective
manner. Most available evidence, tend to support the compen-
sation hypothesis. Brain stimulation studies, for example, have
shown that high frequency rTMS trains, when applied on-line
during encoding or retrieval of memory traces, exert a differ-
ent pattern of interference on memory encoding and retrieval
depending on subjects’ age. Rossi et al. (2004), using an high-
frequency on-line rTMS approach, reported that in young sub-
jects, rTMS of the right DLPFC interfered with retrieval more
than left DLPFC stimulation. This asymmetry progressively van-
ished with aging, as indicated by bilateral interference effects on
recognition performance.
Manenti et al. (2011) used the same on-line TMS approach
to transiently interfere with the function of the dorsolateral pre-
frontal cortex (DLPFC) during encoding or retrieval of associated
and non-associated word pairs in high- and low-performing older
adults. The predominance of left vs. right DLPFC effects during
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encoding, predicted by the HERA model, was observed only in
low-performing older adults, while the asymmetry reduction pre-
dicted by the HAROLD model was selectively shown for the
high-performing group.
Solé-Padullés et al. (2006), using off-line high-frequency rTMS
to increase cortical excitability of the left and right DLPFC before
memory tasks, improved learning of face-name associations in
elderly participants with memory dysfunction, an effect that was
paralleled by increased metabolic activation of the right DLPFC
(Solé-Padullés et al., 2006).
Consistently with these data, bilateral recruitment of DLPFC
has been shown to facilitate performance in physiological as well
as in pathological brain aging (e.g., Cabeza et al., 2002; Rosen
et al., 2002). Neuroimaging studies documented increased acti-
vation in the right DLPFC associated with memory deficits in
MCI and AD (e.g., Wang et al., 2006; Bai et al., 2009). Some
studies interpreted the increased right DLPFC recruitment as
recruitment of compensatory networks (e.g., Grady et al., 2003;
Smith et al., 2007), while other studies (e.g., Grady et al., 2001)
suggested that activity levels in the right DLPFC are negatively
correlated with memory performance. These results suggest that
at least for certain tasks, bilateral DLPFC recruitment may reflect
maladaptive plasticity processes rather than compensatory ones.
To date, only one study investigated whether rTMS modulates
memory in neurological patients. Cotelli et al. (2011) reported
that high-frequency rTMS of the left parietal cortex increased
accuracy in an association memory task in a patient with amnes-
tic mild cognitive impairment (MCI), and this improvement was
still significant 24 weeks after stimulation began.
In the present study, we investigated if transient inhibition
and excitation of the DLPFC at retrieval by means of rTMS can
modulate recognition memory performance in healthy subjects
and in MCI patients. First, we explored whether left and right
DLPFC are differentially involved in the retrieval processes of
verbal and non-verbal memoranda. Secondly, we explored how
temporary inhibition and excitation of the DLPFCmay modulate
performance on forced-choice recognition memory tasks. Third,
we explored whether temporary inhibition and excitation of the
right DLPFC is detrimental or helpful in forced-choice recog-
nition memory tasks in healthy controls (HCs) and in patients
with MCI.
EXPERIMENTAL INVESTIGATION
PARTICIPANTS
Healthy subjects
One hundred participants (78 females, age-range 20–35 years;
education 10–12 years), were recruited from a predominantly
female students’ population. All participants were right-handed,
native Italian speakers, with no previous history of neurological
or psychiatric problems. Informed consent was obtained from all
subjects in accordance with the independent Ethics Committee of
the Foundation IRCCS Santa Lucia of Rome.
MCI
Eight MCI patients (six males) were recruited from patients
who, following memory complaints, consulted a local neuro-
logically lead cognitive disorder clinic. All patients met the
diagnostic criteria for MCI (Petersen et al., 1999). They all had:
(1) subjective memory impairment (over 1–2 years); (2) objec-
tive poor memory performance as assessed by the California
Verbal Learning test (Delis et al., 1988) and the Rey Complex
figure (Carlesimo et al., 2002); (3) normal general cognitive func-
tioning as assessed by the Raven’s Colored Progressive Matrices
(Carlesimo et al., 1996) and tests of short-term memory, nam-
ing, and frontal “executive” functions; (4) a Clinical Dementia
Rating score below 0.5 (Hughes et al., 1982); (5) no or mini-
mal impairment in activities of daily living (ADL) as assessed by
the Instrumental Activities of Daily Living scale (IADL) and by
the ADL scale; (6) absence of dementia [score > 24 on MMSE
(Folstein et al., 1975); Table 1]. All patients were free of medica-
tions. The MCI individuals exhibited no history of other neuro-
logical or psychiatric disorders, alcohol abuse, psychosis, or major
depression. Neurological investigation was normal in all eight
patients.
MATERIALS
The materials used have been employed in previous studies
where they have been described in detail (Turriziani et al.,
2010); a Italian version (Smirni et al., 2010) of Recognition
Memory Test (Warrington, 1984, 1996). Therefore, we will only
provide a brief outline. The stimuli used in the non-verbal
recognition memory tasks were either unknown faces (Faces
Recognition) or unknown buildings (Buildings Recognition).
The faces were black and white photographs of Caucasian
Table 1 | MCI patients’ demographic data and cognitive scores.
MCI patients Maximum possible score
Age (years) 66.4 (5.7)
Education (years) 13.6 (3.7)
CDR 0.2 (0.3) 5
ADL 6 (0) 6
IADL 7.6 (0.5) 8
MMSE 26.9 (2) 30
GDS 3.4 (2.3) 15
• Delayed Rey’s figure 4.2∗ (2.9) 36
• CVLT 28.6∗ (6.3) 80
• CRPM 27.5 (3.7) 36
• Digit span 4.9 (1.3)
• Corsi 4.9 (1)
• BNT 51.2 (3.9) 60
† FAS 9 (2.1)
 STROOP 17.8 (3.9)
∗ Indicates a pathological score (below the lower limit of 95% tolerance interval
measured in the normal population).
Legend: • = x, − number correct responses; standard deviation values in brack-
ets. † = number of correct responses produced in 1 min;  = RT.
CDR, Clinical Dementia Rating scale; ADL, Activities daily living; IADL,
Instrumental Activities daily living; MMSE, Mini Mental State Examination; GDS,
Geriatric Depression Scale; CRPM, Colored Raven’s Progressive Matrices; CVLT,
California Verbal Learning Test (total words recalled trials 1–5); BNT, Boston
Naming Test; FAS, Category phonemic fluency (F letter).
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women, approximately 25-years old, with Italian physiognomic
characteristics, neutral expression, and no obvious distinguish-
ing features. The buildings were black and white photographs
of houses or palaces with Italian architectonical character-
istics, neutral style, no obvious distinguishing features and
with verbal cues digitally removed (e.g., house numbers, street
names, etc.).
The stimuli used in the verbal recognition memory tasks were
two sets of concrete and abstract words (set A and set B) adapted
from Laudanna et al. (1995), written in capital letters, 4–6 letters
long, comparable in frequency (mean 5.91 ± 5.89).
PROCEDURE
In the computerized tasks, in the study phase, 30 study stimuli
were presented individually, in the center of a computer screen
over a white background. The non-verbal stimuli (faces and
buildings) were presented for 500ms whilst the verbal stimuli
were presented for 250ms. This shorter presentation rate for the
verbal stimuli was used to ensure similar level of performance
in the verbal and non-verbal recognition tasks. The stimuli were
preceded by a fixation point lasting 500ms. The inter-stimulus
interval (ISI) was 3500ms. Each target stimulus was presented in
the center of a computer screen over a white background.
Participants were instructed to judge whether the stimulus pre-
sented in the study phase was “pleasant” or “unpleasant.” This
judgment task has been previously used (Cipolotti et al., 2006,
2008; Turriziani et al., 2010) to focus subjects’ attention in stim-
ulus encoding. Participants responded by pressing one of the two
designated keys on the keyboard.
The recognition phase was administered after an interval
of 10min. In the recognition phase, a three alternative forced
choice recognition memory task was administered. Thirty stim-
ulus triplets were presented. In each triplet, the target was pre-
sented with two other similar distractors, vertically arranged. The
target was presented in a balanced order either in the upper,
lower, or middle quadrant. For the Faces task, the two distrac-
tors were two faces with physiognomic characteristic similar to
the target. This similarity was established in a pilot study, in
which participants were asked to judge the face similarity on
the basis of hair and color configuration, eyes color and shape,
nose and mouth shape. For the Buildings task, the two distrac-
tors belonged to the same subcategory (for example, target houses
were paired with architecturally similar distractors houses, tar-
get palaces were paired with architectonically similar distractors
palaces). For the Words task, the two distractors were words
semantically or phonologically similar to the target (e.g., melon,
pineapple, watermelon).
The recognition trial began with a fixation point of 500ms
followed by the presentation of the triplets (target and two dis-
tractors) for 2 s. The ISI was 3500ms. The duration of the
recognition phase was identical for the non-verbal and verbal tests
(see Figure 1 for an example). Subjects were asked to recognize
the previously presented stimuli by pressing one of three response
buttons vertically arranged on the keyboard. If unsure they were
asked to guess.
Responses were measured in terms of accuracy and reac-
tion times (RTs). Accuracy was the number of correct targets
FIGURE 1 | Experimental protocol. (A) During the encoding, subjects
studied target items presented individually during non-verbal and verbal
recognition memory tasks. During the retrieval, a three alternate forced
choice recognition memory task was administered and subjects were
required to recognize the previously presented stimuli. The experimental
tasks were presented using a computer in the healthy subjects and a
“paper and pencil test” in the neurological patients. (B) rTMS was applied
immediately following the study phase just before the retrieval phase of the
recognition memory tests. (C) Coronal MRI-constructed stereotaxic
template of a representative subject indicating the left and right site of
stimulation. Crosses indicate the approximate position of the TMS coil at
which rTMS was delivered in both the healthy subjects and the MCI
patients. See text for details.
that participants were able to identify in the three forced-
choice recognition memory test. The RTs were considered as the
time interval from the onset of the test stimuli to the subject’s
response.
A paper and pencil version of the non-verbal recognition
memory task was used in the MCI patients in the attempt to
mach their performance to that of the HCs. In this task, in the
study phase, each stimulus was presented individually by the
examiner on a white A4 sheet for 3 s. The patient was asked to
judge whether the stimulus was pleasant or not. In the recognition
phase, the examiner presented triplets of stimuli comprising the
target stimulus and two distractors in individual white A4 sheets.
The patients were asked to point to the stimulus they thought they
had seen before. If unsure, patients were asked to guess. When the
patient responded, the examiner presented the next triplet. The
duration of the recognition phase was approximately 2–3min.
This is an interval of time well within the expected TMS condi-
tioning after-effects (Di Lazzaro et al., 2011). Only accuracy was
recorded in this task.
rTMS
rTMS was delivered by means of a MagStim Super-Rapid mag-
netic stimulator, using a figure-of-eight coil (70mm in diameter).
In all participants, rTMS was applied over the left and right
DLPFC, following the study phase, before recognition phase.
According to previous studies guidelines for stimulation of the
DLPFC, the tip of the intersection of the two coil loops was
lined up with the F3/F4 sites of the 10–20 EEG system. The
Tailarach coordinates of the stimulated cortical site were auto-
matically estimated in a representative subject from an MRI
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constructed stereotaxic template using Softaxic software. They
corresponded approximately at ±40, 45, 28 (Turriziani et al.,
2010).
In Experiments 1, 2, and 4, inhibitory rTMS was applied, using
trains of 600 stimuli at 1Hz frequency and at an intensity of
90% of the motor threshold (MT). MT was defined as the low-
est TMS intensity (as assessed with single-pulse TMS) able to
induce a visible muscle twitch of the contralateral hand in at least
50% of a sequence of 10 consecutive trials (Rossini et al., 1994).
MT was determined on the same hemisphere of the stimulated
left and right DLPFC. There were no interhemispheric differ-
ences in MT values both in HCs (left hemisphere: 64 ± 7.6%;
right hemisphere: 64.6 ± 5.8%) and in MCI patients (left hemi-
sphere: 60 ± 7.0%; right hemisphere: 60.7 ± 8.9 %). There was
no significant difference between MT values of HCs and MCI
patients.
In Experiment 3, excitatory rTMS trains were applied, using
the intermittent theta burst stimulation (iTBS) protocol (Huang
et al., 2005). Bursts consisting of three pulses at 50Hz, at an inten-
sity of 80% aMT, were repeated every 200ms (i.e., 5Hz) for 2 s.
This 2-s train was repeated once every 10 s for 20 repetitions, a
total of 193 s (i.e., 600 stimuli). This stimulation protocol has been
shown to produce an increase in corticospinal excitability last-
ing up to 20min (Huang et al., 2005). To evaluate active motor
threshold (aMT), electromyographic recordings were made using
a belly-to-tendon montage from the left first dorsal interosseous
(FDI) muscle. The raw signal was amplified and filtered with
a band-pass filter of 30Hz–1 kHz (Digitimer Ltd.), and signals
were digitized at 2 kHz (CED Power1401, Cambridge Electronic
Design). The location of the hand representation in the right
hemisphere was determined, defined as the position at which
stimulation produced optimal MEPs in the left FDI. The aMT
was assessed during voluntary contraction of the target FDI
at ∼10% of maximum force and was defined as the lowest stim-
ulus intensity required to evoke an MEP of >200µV in 5 of
10 trials.
In all experiments, sham rTMS blocks were conducted, with
the coil held close to the DLPFC but angled away.
STATISTICAL ANALYSIS
HCs data were analyzed with an ANOVA for repeated measures,
with Side (left, right) as between-subjects factor and Condition
(sham rTMS, rTMS) as within-subjects factor. MCIs data were
analyzed with an ANOVA for repeated measures with Side (left,
right) and Condition (sham rTMS, rTMS) as within-subjects fac-
tors. Planned comparisons of single factors were carried out only
when significant group factors were found.
EXPERIMENT 1: 1 HZ rTMS OF THE DLPFC. NON-VERBAL
RECOGNITION MEMORY
Forty participants were randomly allocated into a left DLPFC
group (20 subjects), receiving sham and real rTMS over the left
DLPFC, or a right DLPFC group (20 subjects), receiving sham
and real rTMS over the right DLPFC. Sham and real rTMS
were given in two separate sessions in the same day, separated
by a 6 h delay. In each condition (sham rTMS or real rTMS),
the subjects were administered either the Faces recognition or
Buildings recognition tests. Administration of these two tasks
in sham or real rTMS conditions was counterbalanced across
subjects.
EXPERIMENT 2: 1 HZ rTMS OF THE DLPFC. VERBAL
RECOGNITION MEMORY
Forty participants different from those recruited for Experiment
1 were recruited and randomly allocated into a left DLPFC group
(20 subjects), or a right DLPFC group (20 subjects).
A verbal recognition memory task was administered. Two
sets of words (set A and set B) were used either during sham
and rTMS conditions. The same procedure as in Experiment
1 was used.
EXPERIMENT 3: iTBS OF THE DLPFC. NON-VERBAL
RECOGNITION MEMORY
Twenty participants were recruited and randomly allocated into
a left DLPFC group (10 subjects), or a right DLPFC group (10
subjects). The same stimuli and procedure as in Experiment
1 were used.
EXPERIMENT 4: 1 HZ rTMS OF THE DLPFC. NON-VERBAL
RECOGNITION MEMORY IN MCI PATIENTS
One Hz rTMS was applied to the left and right DLPFC of
MCI patients performing non-verbal recognition memory tasks.
Each patient received sham and real rTMS over the left DLPFC
(Session 1) and over the right DLPFC (Session 2). The two ses-
sions were separated by an interval of approximately three weeks.
Sham and real rTMS were given in the same day, 6 h apart. The
order of sham and real rTMS was counterbalanced across sub-
jects. The two versions of the non-verbal recognition memory
task (Face Recognition and Building Recognition) were assigned,
counterbalanced across subjects, to rTMS or sham rTMS
conditions.
RESULTS
EXPERIMENT 1: 1 HZ rTMS OF THE DLPFC—NON-VERBAL
RECOGNITION MEMORY
Accuracy
Side [F(1, 38) = 3.32; p < 0.07] and Condition [F(1, 38) = 1.85;
p < 0.18] effects were not significant. The Side × Condition
interaction was significant [F(1, 38) = 5.27; p < 0.02]
(Figure 2A). Right rTMS significantly improved subjects’
accuracy when compared with sham rTMS [F(1, 38) = 6.69;
p < 0.01]. There was no significant difference in subjects’
accuracy between left rTMS and sham rTMS [F(1, 38) = 0.43;
p < 0.51]. There was no significant difference between left and
right sham rTMS conditions [F(1, 38) = 0.001; p < 0.97].
RTs
The ANOVA performed on RTs showed no significant effects
(Side: F(1, 38) = 0.09; p < 0.76; Condition. F(1, 38) = 0.07; p <
0.78; Side × Condition: F(1, 38) = 1.11; p< 0.29).
Our results indicate that rTMS over the right DLPFC signif-
icantly improves non-verbal recognition memory performance
without any significant modulation of speed of response.
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EXPERIMENT 2: 1 HZ rTMS OF THE DLPFC. VERBAL
RECOGNITION MEMORY
Accuracy
No significant main effects of Side [F(1, 38) = 1.61; p < 0.21] or
Condition [F(1, 38) = 1.70; p < 0.19] were found. The Side ×
Condition interaction was significant [F(1, 40) = 5.79; p < 0.02]
(Figure 2B). Right rTMS significantly improved subjects’ accu-
racy when compared with sham rTMS [F(1, 40) = 6.88; p < 0.01].
Left rTMS did not affect accuracy [F(1, 40) = 0.60; p < 0.44].
There was no significant difference between the left and right
sham rTMS conditions [F(1, 38) = 0.005; p < 0.94].
RTs
The ANOVA performed on the RT data did not reveal any
significant effect.
These results indicate that rTMS over the right DLPFC sig-
nificantly improves verbal recognition memory performance,
without any significant modulation of speed of response. These
results, in conjunction with those obtained in the previous exper-
iment, suggest that right rTMS before recognition improves the
healthy subjects’ recognition memory accuracy, regardless of the
type of memoranda.
EXPERIMENT 3: iTBS OF THE DLPFC. NON-VERBAL
RECOGNITION MEMORY
Accuracy
The Side effect was not significant [F(1, 18) = 1.86; p > 0.18].
Condition [F(1, 18) = 8.81; p < 0.008] and Side × Condition
interaction [F(1, 18) = 11.61; p < 0.003] were significant. Right
iTBS significantly impaired non-verbal recognition accuracy
when compared with sham iTBS [F(1, 18) = 20.31; p < 0.0002].
In contrast, there was no significant difference in subjects’ accu-
racy after left iTBS compared with sham iTBS [F(1, 18) = 0.9;
p < 0.759; Figure 3]. There was no significant difference between
the left and right sham iTBS conditions [F(1, 18) = 0.5; p < 0.48].
RTs
No significant effects of Side [F(1, 18) = 0.2001; p < 0.66],
Condition [F(1, 18) = 0.0023; p < 0.9626] and Side × Condition
interaction [F(1, 18) = 0.0047; p < 0.9461] were found.
Our results indicate that iTBS over the right DLPFC in HCs
significantly impairs performance on the non-verbal recognition
FIGURE 2 | A and B. Experiment 1 and 2: 1Hz rTMS over right and left
DLPFC has different effects on mean percentage of healthy subjects’
correct responses. Right rTMS significantly improves performance of
healthy subjects’ performance on (A) non-verbal and (B) verbal recognition
memory tasks. Square symbols represent individuals under right DLPFC,
diamond symbols individuals under left DLPFC.
memory task without any significant modulation of speed of
response.
EXPERIMENT 4: 1 HZ rTMS OF THE DLPFC. NON-VERBAL
RECOGNITION MEMORY IN MCI PATIENTS
Accuracy
The Side effect was not significant [F(1, 7) = 4.09; p > 0.18].
Condition [F(1, 7) = 12.46; p < 0.009] and Side × Condition
interaction [F(1, 7) = 15.89; p < 0.05] were significant. Right
rTMS [F(1, 7) = 18.66; p < 0.003] improved non-verbal recog-
nition memory performance in all eight patients when com-
pared with sham rTMS. Left rTMS again did not affect accuracy
[F(1, 7) = 2.02; p < 0.19] (Figure 4). There was no significant
difference between the left and right sham rTMS conditions
[F(1, 7) = 1.74; p < 0.22].
These findings replicated and extended the results obtained in
HCs in Experiment 1. In the MCI patients, just as in the HCs,
non-verbal recognition memory accuracy significantly improved
following rTMS over right but not left DLPFC.
DISCUSSION
This study investigated the effects of rTMS over left and right
DLPFC at retrieval in verbal and non-verbal recognition memory
tests. We used inhibitory and excitatory rTMS paradigms in HCs
and in MCIs. rTMS-inhibition of the right DLPFC improved
recognition memory performance in HCs for both verbal and
FIGURE 3 | Experiment 3: mean percentage of correct responses on
non-verbal material following iTBS. Right iTBS significantly disrupts the
performance on recognition memory test.
FIGURE 4 | Experiment 4: mean percentage correct responses of MCI
patients on the non-verbal recognition memory task. Right rTMS
significantly improves the performance on recognition memory test.
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non-verbal memoranda. rTMS-inhibition of the left DLPFC had
no effect in the recognition memory performance in the HCs.
However, iTBS-excitation of the right DLPFC of HCs impaired
non-verbal recognition memory performance. iTBS-excitation of
the leftDLPFChadnoeffect on recognitionmemoryperformance.
Remarkably, rTMS-inhibition of the right DLPFC also
improved the recognition memory performance of MCI patients
with memory deficits. In contrast and similarly to the HCs, the
performance of the MCI did not improve following inhibitory
rTMS on the left DLPFC.
As far as we are aware, this is the first documentation of
improvement in recognition memory performance following
application of inhibitory rTMS. Remarkably, this improvement
is specific to inhibition of the right DLPFC and it occurs for
both verbal and non-verbal memoranda in HC. This find-
ing suggests that inhibition of the right DLPFC modulates a
domain-general memory retrieval process (Rossi et al., 2001;
Sandrini et al., 2003). However, these results are somewhat diffi-
cult to reconcile with data from lesions and neuroimaging studies
reporting that left and right PFC are differentially involved in
verbal and non-verbal memory tasks (e.g., Milner et al., 1991;
Wagner et al., 1998). A recent study showed that rTMS over
left and right DLPFC induces material specific laterality effects
in recognition memory tasks tapping recollection and familiar-
ity at encoding but not at retrieval (Turriziani et al., 2010).
All these findings could reconcile material specific and pro-
cess specific hypothesis of DLPFC recruitment in recognition
memory, suggesting that material-specific laterality effects may
emerge at encoding but not at retrieval, while a right hemi-
spheric lateralization of DLPFC would be associated specifically
with retrieval.
However, since rTMS was applied before the retrieval phases,
it difficult to exclude unequivocally that right rTMS could have
modulated a number of operations occurring in post-encoding
neurocognitive processing (e.g., van Kesteren et al., 2010). The
present experiments do not allow demonstrating specifically
which process was responsible for the memory improvement
observed. Different experimental paradigms targeting different
phases of post-encoding will better address this issue.
Previous studies performing similar designs (e.g., Rossi et al.,
2001; Manenti et al., 2010) used on-line stimulation during
encoding/retrieval, allowing a better neurochronometric align-
ment between interference in a precise moment and behavioral
outcome. On the other hand, off-line TMS as employed in this
study allows studying plastic effects of stimulation at brain sites
distant from those stimulated. We speculate that if the effects
of rTMS were linked to the post-encoding/consolidation mem-
ory period, one could argue that rTMS (or iTBS) could have
modulated this phase by modifying excitability of contralat-
eral (i.e., left) hemispheric structures via transcallosal pathways.
In this sense, memory improvement following inhibitory rTMS
of the right DLPFC could represent the counterpart of mem-
ory improvement recently reported in MCI following excitatory
rTMS of the left parietal cortex (Manenti et al., 2011).
On the other hand, if the effects of TMS were linked to
the retrieval phase, one could suppose an effect depending on
modulation of excitability of right DLPFC and anatomically and
functionally interconnected brain structures such as the pos-
terior parietal cortex and middle temporal lobe (e.g., Simons
and Spiers, 2003; Wagner et al., 2005; Vilberg and Rugg, 2008).
Indeed, inhibition is postulated to be a mechanism by which
right PFC exerts its effects on sub-cortical and posterior corti-
cal regions to implement executive control (Aron et al., 2004).
Direct proof of the existence of a top-down signal from the
PFC to the temporal cortex and its contribution to the active
retrieval process was provided by single-unit recordings from the
infero-temporal cortex of posterior-split-brain monkeys (Tomita
et al., 1999). In humans, DLPFC interacts with posterior corti-
cal regions such middle temporal lobe during cognitive inhibition
of unwanted memories. In particular, subjects submitted to the
think/no think paradigm show higher right PFC activation when
they have to voluntarily suppress memories for items previously
presented. This right PFC activation corresponds to a decrement
in hippocampal activity, suggesting that suppression of unwanted
memories requires PFC recruitment to disengage hippocampal
processing (Anderson et al., 2004). Inhibition of the right DLPFC
could have interfered with this mechanism of memory suppres-
sion, thereby improving memory performance in the recognition
phase.
Despite possible methodological bias comparing paper and
pencil tests in MCI with computerized ones in HCs, a mecha-
nism linked to disinhibition of posterior brain regions following
inhibition of the right DLPFC could also explain enhanced mem-
ory performance in MCI patients. In fact, neuroimaging studies
have revealed that the increased activation in right DLPFC is
one of functional brain abnormalities associated with memory
deficits in MCI and AD (e.g., Wang et al., 2006; Bai et al., 2009;
Sperling et al., 2010). Usually, these findings have been interpreted
as demonstrating recruitment of compensatory networks (e.g.,
Grady et al., 2003; Smith et al., 2007).
Partially in line with these evidences, the finding that the
temporary inhibition of right DLPFC in MCI patients enhances
memory performance suggests a cognitive benefit when there is
reduced activity in this region during recognition memory tasks
in patients with memory impairments. It may well be that the
previously reported additional activation in DLPFC in MCI and
AD patients, rather than reflecting the recruitment of cogni-
tive resources to maintain task performance (e.g., Grady et al.,
2003; Smith et al., 2007), represents a dysfunctional use of brain
resources. Inhibitory rTMS over the right DLPFC may have the
potential to modulate the activity in this dysfunctional network,
enhancing function in healthy subjects or restoring an adap-
tive equilibrium in MCI patients (e.g., Fregni and Pascual-Leone,
2007).
However, the interpretation of the results of the MCI patients
is limited due to the sample size. Future research is needed to
replicate these findings.
In conclusion, our study reports an improvement in perfor-
mance during recognition memory tasks in healthy subjects and
in MCI patients with memory impairments following inhibitory
rTMS over right DLPFC. These findings suggest that right DLPFC
plays a pivotal role in the verbal and non-verbal recognitionmem-
ory retrieval. Moreover, it demonstrates that rTMSmay represent
a promising therapeutic tool for memory impairments.
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